To investigate the mass transfer phenomenonin a barrel-type epitaxial reactor, air was madeto flow upward or downwardin the annular space between two vertical concentric cylinders. A carbon cylinder placed in a part of the inner tube was burned by air in a mass transfer rate control region. The reactant concentration distribution was measured in the annular space and the coefficient of mass transfer from the inner tube was obtained. The effects of Re, Gr, DJl and rjrs on the mass transfer coefficient were investigated. Empirical equations for the masstransfer coefficient in a barrel-type epitaxial reactor were obtained. The growth rate of silicon for the H2-SiCl4 system was calculated from these equations at 1473K in the case of up flow gas or down flow gas. The local growth rate in this reactor was determined.
Introduction
The epitaxial technique has been widely used for production of semiconductor high-purity crystals and dielectric films and for the treatment of material surfaces. There are roughly three kinds of epitaxial reactors -horizontal, barrel-type and pancaketype-used in industry. Many works1'3~5<9'10) have been reported for the analysis of transport phenomena in the horizontal epitaxial reactor. However, there are few experimental or theoretical works2'6~8) concerning transport phenomena in the barrel-type epitaxial reactor.
In the epitaxial reactor, deposition reaction occurs on the surface of the substrate under the condition of mass transfer rate control. In this case, the thickness of reaction products must be as strictly uniform as possible and it is influenced by the concentration distribution of reactants in the reactor. However, there is a large temperature difference between the substrate and the cold wall of the reactor, and vigorous free convective flow is generated by the buoyancy force induced by the large temperature difference. Therefore, concentration distributions of reactant gas cannot be easily calculated from the fundamental equations.
In this study, to investigate the mass transfer phenomenon in a barrel-type epitaxial reactor, air was made to flow upward or downwardin the annular space between two vertical concentric cylinders. A was burned by air in a mass transfer rate control region. The concentration distribution of carbon dioxide was measuredin the annular space and at the exit of the reactor. The coefficient of mass transfer from the inner cylinder was obtained.
The effects of Reynolds number, Grashof number and the geometrical conditions of the reactor on the mass transfer coefficient were investigated.
Experimental Apparatus and Procedure
To investigate the mass transfer phenomenonin the reactor, a carbon cylinder was burned in the reactor Fig. 1 . Experimental apparatus as the model reaction. Figure 1 shows 6 .2cm) were used as the outer tube.
The length of the test section was from 5cm to 20cm, its length being changed according to the length of the carbon cylinder. To establish the laminar velocity distribution, a calming section of 60cm length was attached in front of the test section, and to prevent back flow from the top or the bottom of the apparatus into the test section, an exit section of 50 cm length was attached behind the test section. The total length of the annulus was about 140cm. The carbon cylinder, located in the center of the test section, had the same diameter as the inner tube and its length was 5cm, 10cm or 20cm. To minimize heat transfer from the heating section to the calming section and exit section, insulators were inserted where the test section joined the calming and exit sections. The temperature of the carbon cylinder surface was measured by a micropyrometer. The carbon used in this work was graphitic carbon SEG-R made by Nippon Carbon Co. Ltd.
Air from a compressor was passed through a dehydration tower packed with silica gel, a constantpressure device and an orifice flow meter, and was then fed into the annular space from the top or the bottom of the apparatus. The feed flow rate of air was in the range of /te=50-1600. The carbon cylinder was burned in air over a range of 1173K to 1273K. In this temperature range the 340 overall combustion rate was controlled by the mass transfer rate of oxygen to the carbon surface. Gas chromatography was used to measure local concentration of carbon dioxide in the annular space and at the exit of the reactor. To investigate the local concentration of carbon dioxide, a thin sampling tube made of porcelain was put into the reactor and gas samples were taken by this tube. The sampling tube was placed at 2-3 points in each cross section at various distances from the inlet of the test section. 2. Experimental Results 2.1 Up flow gas system Figure 2 shows dimensionless concentration distributions of the reactant gas (O2 gas) in the crosssection at rjrs=2A3 in the cases where Re offeed air was 200 and 400 respectively. The horizontal axis of the figure represents the radial distance (the distance from the center of the cylinders) and the vertical axis sectional average concentration of reactant gas in the system increases, and the radial concentration gradient near the carbon surface becomessteep. Figure 4 shows the radial concentration distributions of the reactant gas with z as a parameter.
From Fig. 4 , the average concentration decreases with increase of z and the radial concentration gradient near the carbon surface also decreases with increase of Generally, the average mass transfer coefficient from the carbon surface and the average Sh in the aniiulus are calculated from the material balance of O2 using the plug flow model. The mass transfer coefficient in the barrel-type epitaxial reactor may be affected by Re, Gr, DJl and rjrs. Figure 5 shows the relation between Re and experimental average Sh with DJl as a parameter.
From Fig. 5 , the effect of Re upon Sh is very small. Figure 6 shows the relation between DJl and Sh with /te as a parameter. From Fig. 6 , STz is proportional to (DJl)0-39. Sh was affected by rjrs and The applicable ranges ofEq. (7) are from 25 to 1000 forRe, 104to 107forGr,0.1 to 1.5forDJland 1.5to 2.5 for rjrs. Figure 8 shows dimensionless experimental concentration distributions of the reactant gas for rjrs = 2.43.(Z>e=7.3cm) and Re=400 and 800 in the case of the down flow gas system. WhenRe is increased, the concentration gradient becomes steep. However, radial concentration gradients become more gentle than those in the case of the up flow gas system. Figure 9 shows the measured radial concentration distributions with Re as a parameter. From Fig. 9 , when Re increases, the radial concentration gradient near the carbon surface becomes steep. Figure 10 shows the effect of z upon the radial concentration distribution. From Fig. 10 , the radial concentration distribution is not affected by z. This fact means that the coefficient of mass transfer from the inner cylinder is not affected by z in the case of the down flow gas system. and Gr-°07. Figure 13 shows the relationship between Reo-21(rJrs)1A\DJl)°-O2Gr-om and Sh. From Fig.  13 , the following empirical equation was obtained for the mass transfer coefficient at the inner reaction surface in the case of the down flow gas system. Sh= \mRe°-2\rJrsyA\DJlfmGr-°m (8) The applicable ranges ofEq. (8) are from 150 to 1600 forRe, 104to 107forGr, 0.1 to 1.5forDJland 1.5to 2.5 for rjrs. (7)). In the down flow gas system, since the direction of forced convective flow is opposite to that of the free convective flow near the reaction surface and the free convective flow is weakened by the forced convective flow near the reaction surface, the exponent of Re in the empirical equation for the down flow system is larger than that for the up flow system (Eq. (8)). The effect ofDJl on Sh in the up flow gas system is larger than that in the down flow gas system. When DJl is large, the concentration difference between the reaction surface and the bulk gas becomes large and Sh becomes large. In the down flow gas system, since the forced convective flow near the reaction surface is weakened by the free convective flow near the surface, radial concentration distribution of the reactant gas is not changed by the axial distance of the reaction surface and the effect of DJl on Sh becomes small.
Downflow gas system
The effect of rjrs on Sh is considerably large in both gas flow systems. The larger rjrs, the larger is the axial flow near the reaction surface. Therefore, when rjrs is large, Sh becomes large.
Application to epitaxial growth
In the production of semiconductor material, the growth rate of the reaction products must be as strictly uniform along the susceptor as possible. The silicon growth rates for popular semiconductor material were calculated by Sh obtained from Eq. (7) or (8) . The calculation procedure is as follows. At first, since Sh from Eqs. (7) and (8) are average values, the local Sherwood number, Shloc, was obtained by using the correlation between each length of reaction zone and their average Sherwood number with the H2-SiCl4 gas system at 1473K. Then the silicon growth rates were calculated from Eqs. (9) and (10) with this S7zloc.
Molecular diffusivity and density of silicon were 0.2cm2/s and 2.33g/cm3 at 293 K, respectively. Figure 14 shows the growth rates of silicon in the case ofupflow gas with Re and rjrs as a parameter. From Fig. 14 , GSi is not strongly affected by Re and increases with decrease of distance from the leading edge of reaction zone, zh, and GSi increases with increase of rjrs. This means that since GSi is strongly affected by zh in the up flow gas system, some ideas are necessary to obtain a uniform growth rate. by Re. However, the growth rate is approximately uniform along the reaction zone. This is one of the most important reasons why the most industrial barrel-type epitaxial reactors are operated with the down flow gas system.
Conclusion
To investigate the mass transfer phenomenonin a barrel-type epitaxial reactor, the concentration distribution of reactant gas and the mass transfer coefficient were measured in the case where reaction material was set up at the inner tube wall ofa vertical concentric annulus and the gas flowed through the annulus with up flow or down flow. The following results wereobtained.
( 1) The radial reactant concentration gradient was large in the vicinity of the reaction surface.
(2) The coefficient of mass transfer from the inner tube was affected by Re, DJl, rjrs and Gr. Empirical equations (Eqs. (7), (8) has received a great deal of attention in, for example, the fields of hydrometallurgy, wastewater treatment, and purification of fermentation products.7'944) In these processes, the breaking of W/O(water-in-oil) emulsion after extraction is necessary in order to
